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     Woodt compared with other materials, is not an excellent
material which has a special merit in physical properties, but
rather a mediocre material: each property of wood such as stren-
gth of every kind, decay and chemical resistance, thermal and
electrical conductivity, and working qualities, is not signifi-
cantly superior to that of other materials. However, when
evaluated from the point of view of balance among these proper-
ties, wood can be regarded as one of the best rnaterials.
     One of the characteristic features of wood is that its
properties are affected by envirornental conditions such as the
humidity and temperature of the atmosphere. Many studies on the
reiation of water to wood have been made, mainly because wood is
an organic and hygroscopic material. There were, for exarnplet
studies on water movement in wood, sorption of water by wood,
swelling and shrinking owing to water sorption, effect of water
on the physical and the mechanical properties of wood, and drying
stresses and defects.
     Water movement in wood is particularly important in wood
science. However, both qualitative and quantitative analysis in
this field has not been completely successful so far, because
several mechanisms are responsible for this phenomenon. Drying
stresses resulting from moisture gradients in wood during drying
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have been investigated by use of the slicing technique from the
mechanical point of view. However, the quantitative analysis
of the drying stresses in relation to water movement in'wood
has never been studied.
     The present study deals with water movement in wood in the
hygroscopic range. The moisture content of wood in use usually
falis in this range, where the water strongly affects wood pro-
perties. The study concerns drying stresses resulting from
moisture gradients in wood during drying on the basis of the
theory for moisture movement in wood.
     The present paper consists of three parts:
  PART ONEr where the equation for representing moisture move-
ment in wood is discussed. Based on thermodynamics of irrever-
sible processes, the relationship between flux and the driving
force for it is considered. A diffusion equation is proposed
and examined by use of experimental data;
  PART TWO, where a predictive method for moisture distribution
in wood during drying is discussed by use of numerical solutions
of the proposed diffusion equation; and
  PART THREE, where a computational methQd and its application
for drying stresses resulting from rnoisture gradients in wood
during drying are discussed on the basis of the theory of rnoi-
sture movement and the predictive rnethod for rnoisture distribu-
tion in wood.
2
.                     PART ONE
MOISTURE MOVEMENT IN WOOD IN THE HYGROSCOPIC RANGE
     Fick's law of diffusion has commonly been applied to the
moisture movement in wood below the fiber saturation point.
However, few reports have discussed the validity of this appli-
cation; i't has been a fundamental postulate.
     In this part, the moisture movernent in wood is treated by
the method of thermodynamics of irreversible processes: a theo-
retical equation is derived by considerÅ}ng the relationship
between mass flux and the driving force. Then the theory is
examined on the basis of the experirnental data.
1-1. Moisture Distribution
  1-1.1. Experimental Method
     a) Theory
     In order to analyze moisture movement in wood, it is neces-
sary to describe the phenomenon quantitatively. The rnost direct
rnethod is to chart changes in moisture content of wood with time
and position,i.e., is to measure moisture distribution a.s a func-
tion of time. Sectioning the specimen as practiced until recently
is not a good method because of its inaccuracy; a new method
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using soft X--ray densitometry has been developed for this pur-
pose. In wood science, it has been applied to the measurement
of density distribution in fiber-board or particle--board'i)'5)
and within growth rings6)7). The theory of moisture distribu-
tion measurement by means of x-ray densitometry8) is as follows:
     When an exposure dose Åëo of soft X-ray per unit area is
incident on a substance of mass m, the transmitted dose Åë can
be expressed as
where X is the absorption coefficient, i.e., an inherent coef-
ficient of the substance. Wood at a certain moisture content u
is considered to be a composite raaterial of wood substance and
water. If the absorption coefficient of wood substance and
water, and their mass per unit area perpendicular to the emit-
ting axis are denoted in terms of (As,ms) and (Xw,mw)f respec-
tively, and if additivity of Eq.(1-1.1) is assumed for this com-
posite system, the transmitted dose Åë can be expressed as
  ln(Åë/Åëo) =-(A,m,+X.m.) (l-l.2)
When Åëe is incident on a reference substance, where the thick-
ness parallel to the ernitting axis, the specific gravity, the
mass, and the absorption coefficient are denoted in terms of do,
prt mr, and Xr, respectively, the transmitted dose Åë' is
  ln(O '/Åëo) = -XrMr = -Xrprdo (1-l•3)
     When the transmitted dose Åë' of the reference substance at
thickness di equals the dose Åë of the specimen at moisture
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content u, then from Eqs.(1-1.2) and (1-1.3),
Similarly, when the transmitted dose Åë' of the reference at
thickness d2 equals that of the specimen in the oven-dry state,
then
By substitution of Eq.(1•-1.5) into Eq.(1-i.4),
When the transmitted dose Åë' of the reference at thickness d3
equals that of the known amount of water mti, then
From Eq.(1-1.6) the mass m. of the water in wood is given as
                                                   '
[Vherefore, by substitution of Eq.(1-1.8) into Eq.(1-1.7)
       mdi
     In practice, the transmitted dose of soft X-ray b!ackens
X-ray film placed under the specimen and the reference during
exposure. The radiograph obtained is then scanned with a den-
sitorrteter. By comparison of the density record of the reference
with that of the specimen, the thickness d!, d2t and d3 can be
obtained, and mdi is a known amount. Therefore, the mass mw of
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the water in wood can be estirnated. The moisture content u is
  u - l-z., - mdiig2id2) a-i.io)
     b) Experimental
     In order to measure the changes in moisture distribution
in the longitudinal direction of wood during drying, specimens
were taken from Hinoki (Chamaeeyparis Obtusa Endl.) heart wood
with oven-dry specific gravity of O.34 g/cm3. Along the longi-
tudinal direction serial specimens were prepared with dimensions
of 10(L)Å~10(T)Å~50(R)mm. The radial and the tangential surfaces
of the specimens were sealed with adhesive tape in order to
limit drying to the end surface so that moisture gradients were
formed only in the longitudinal direction. Since the rnain com-
ponent of this tape was an acetate film, it was almost nonper-
meable, and was readily attached or removed.
     Specimens were conditioned to approximately 23g rn.c. in
moist air-at the same temperatures as used in subsequent drying
experiments. It was observed that there were no weight changes
of the specimens during the last few days of conditioning, and
                         'it was confirmed by X-ray densitometry that there was uniform
moisture distribution in'the specimens.
     The drying apparatus consisted of two chambers, as Fig.1.1
shows; the front chamber was for setting up specimens, and the
back for controlling ternperature and humidity. The front win-
dow was made of two sheets of plate glaSs between which a resis-
tance coil heater was inserted in order to reduce the tempera-
ture gradients in the chamber and to avoid condensation on the
















Thermistor, 3. Load cell, 4. Thermostat,
(Saturated salt solutions), 6. Heater,
Fan, 9. Travelling microscope.
plate glass. An electric heater was used for the main heat
source, and the temperature was controlled by use of a thermo--
stat. The humidity was controlled by use of saturated salt
solutions in three bottles combined with an air pump. Table 1.1.
shows the drying conditions.
     The specimens were taken out from the drying apparatus at
appropriate time-intervals during drying. :rnmediately the water
in the specirnens was fixed by means of dry ice, the specimens
were put on X-ray films and were placed directly beneath the
X-ray generator, as shown in Fig.1.2. Soft X-ray was then ap-
plied to the specimens in a direction normal to the longitudinal
direction of the specimens. Then, the specimens were oven-dried,
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Fig.1.2 Schematic diagram of soft X-ray densitometry
1. Specimen, 2. Reference, 3. Film mark,
4. Soft X-ray film, S. Soft X-ray beams.
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a•;,'
and soft X-ray was again applied to the specimens. The soft
X-ray apparatus used was of type EMB made by Softex Co.Ltd.,
and the films were of fine-grained Fuji Softex filrn. The expo-
sure settings were the following: 34 kVp and 2 rnA, focai spot
to film distance 695 mm, and exposure time 75 sec. As a refer-
ence, density-calibration wedges were rnade of polyester films
(O.155Å}O.OOI mm thickness) to which silver particles were atta-
ched.
     The X-ray negatives, obtained by careful developmentiO) ,
were scanned along the longitudinal direction with a slit width
and height of O.1 and 10 mm, respectively, by means of a Recor-
ding Spectrophotometer made by Shirnazu Mfg.Co.Ltd., and the
density distributions were recorded. Fig.1.3 shows examples
of density profiles along the longitudinal direction of wood
obtained by soft X-ray densitometry.
     The wood specimens shrink when they are oven-dried, and
it is necessary to take the effect of shrinkage on density into
consideration. As Fig.1.2 shows, soft X-ray is emitted in the
direction normal to the radial surface, and the radiograph ob-
tained is scanned along the longitudinal direction. Thereforer
the moisture distribution in the longitudinal direction of spe-
cimen is corrected as follows:
     A small element of wood volume in the slit is considered.
On the assumption that the average rnoisture content of the
element is given in terms of u when X-raying, and that the
dimensions in the principal directions of the element are (Zu)L,
(Zu)R, and (Zu)T, the rnass ms of the wood substance of this
element is given by
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3 Density profile through the longitudinal direction of
   wood on X-ray film
   a) Drying condition: 400C,747.RH. O.186 average m.c.
   b) Oven-dry condition
(Zu)L(Zu)R(Zu)T(l-A ct L) (i-A ct R) (1-A ct T) (l-1.Ii)
is the oven-dry density of the wood element, and ActL,
ActT the shrinkage values between the rnoisture content
 oven dry state in the three principal directions.rki
  *i The dimensions of the specimen in a
state, at the moisture content u, and in
terms of Zg, Zu, and Zo, respectively.
u is given as (Zg-lu)!Zg, and the shrin
(Zg-Zo)1Zg• Since Act=(Zu-Zo)1Zutr cto-au(
can be expressed as Zo=Zu(1-A(x).
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 particular direction in the green
 the oven-dry state are denoted in
The shrinkage cxu to moisture content
kage cto to the oven-dry state as
'.' Zucrlg), the oven-dry dimension Zo
On the other hand, the mass mw of water in the element is exp-
ressed as
                                                       '
  M. = B(Zu)L(Zu)R{di-d,(l-ActL) (1-ActR)} (1--l.i2)
where B= mdi/d3,i.e., the rnass of water per unit area and per
unit filra of reference. Therefore, the corrected moisture con-
tent u in the element is
  . . M--.- = B{di-d2(1-ActL) (l'-ActR)}
                                                      (1-1.13)
      ms p, (lu) T (i-Aot L) (l-A ot R) (l-A cx T)
if 1-ActLcr1, then
      m. B{di-d2(1-ActR)}
                                                      (1-i.l4)
  u=-=    Ms po (zo)T(1-A ct R)
where (Zo)T is the oven-dry dimension in the tangential direc-
tion. B was obtained as O.0814 g/cm2reference, in comparison
to the film of reference with known amount of water. Also,
the effect of parallax distortions and of density difference
between liquid and solid water on the density distribution were
examined by preliminary experiments.
  1--1.2. Results and Discussion
     Fig.1.4 shows drying curves under the various conditions.
The same specimen could not be used during the whole drying
period, so some scatter is observed in the curves. The degree
of scatter is however very small, and the drying rnay be consi-
dered to be well-conducted.
     Moisture distribution along the longitudinal direction of
wood at each time tM was measured in each specimen. Fig.1.5
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    Fig.1.4 Drying curves
            Drying conditions -
            A : No .1, A : No .2, o: No .3, e : No .4,
            n : No .5, - : No .6, v: No.7, v : No .8.
Shows the rnoisture distributions as a function of time for dif-
ferent drying temperatures. The sarne specirnen was not usedt
and the average moisture content at tirne tM was not the same
for each drying condition. Therefore, the rnoisture contents at
positions of O.O, O.l, O.2, O.3, O.4, and O.5 cm from the wood
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Fig.1.5 Moisture distributions at
at constant temperatures
 various times
of 20, 40, 50,
during drying
and 600C dry bulb
l3
surface were interpolated for the whole drying period, by use
of the relationship between the average moisture content obtained
by oven-dry rnethod and the moisture content at each position
obtained by soft X-ray densitometry. The figure shows the mois-
ture distributions at 6 minutes intervals from the start of
drying up to 30 minutes and thereafter at 42, 60, and 90 minutes.
!t is apparent from the figure that all the moisture distribu-
 .tions are parabolic curves. The surface moisture content dec-
reases rapidly at the early stages of drying; the moisture
gradient becomes steep. At temperatures of 40, 50, and 600C,
the core moisture content decreases faster than the surface
moisture content, and the moisture gradient becomes less steep.
The moisture content of the specimen then approaches equUibrium.
On the other hand, at 200C the rate of drying is extremely slow,
and even the surface moisture content does not reach equilibrium
in the time span of 90 rnin covered by the experiments. The
rnoisture distribution from the surface to the core maintains
a similar shape throughout, and the specirnen is dried very gra-
dually.
     The main features of t-he rneasurernent of moisture distribu-
tion by use of soft X-ray densitometry are as follows:
  1) Specimens are not destroyed.
  2) Continuous moisture distribution rneasurements in small
     specimens can be made.
  3) The experimental error is evaluated to be less than B
    m.c., based on the average moisture content measured by
     oven-dry method and by soft X-ray densitornetry. Moisture
     distributions can be obtained with adequate accuracy.
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   4) Errors in measurements of surface moisture content are
      rather great.
   5) Zn this study, the same specimen could not be used during
      the entire drying period. To do this, the X-ray apparatus
     would have to be cornbined with the drying apparatus, and
     then further irnprovement of accuracy can be expected.
1-2. Theo?y of Moisture Movement in Nood
  l-2.1. Fick's Law
     Fick's law of diffusion is usually applied to describing
diffusion phenomena in materials, and most of the studies of
moisture movement in wood beiow the fiber saturation point have
also been based on this law. For example, the diffusion coef-
ficient of moisture in wood has been calculated in various
moisture content and temperature' ranges. These diffusion coef-
ficients, as reported, do not always agree with each other, but
most of them are calculated on the basis of the assurnption that
the moisture movement in wood obeys Fick's law. However, the
validity of the application of Fick's law to the moisture dif-
fusion in wood has not been proved and remains merelY an assump-
tion.
     Fick's law of diffusion under a non-equi!ibrium state is
derived as follows: Fig.1.6 shows a uni-dimensional flow in a
small rectangular element of volume. It is assumed that the
flux F of mass per unit area and unit time is proportional to
the concentration gradient dC/dx. Since the flux along the x-
axis in the small body is given as the difference between the
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inward flux and the outward flux during the ti!ne dt, the total
rate of accumulation of mass is clearly
  Fx = {-D.rx)g+ii + D.(x+dx)glE(e+ia;itdC x)}dydzdt a-2.l)
where De is the diffusion coefficient. Subscript x stands for
the coordinate of the flow.
     When the diffusion coefficient is independent of conentra-
tion and is a constant, then
  Dc(x) = De(` +dx)
Therefore, Eq.(1-2.1) takes the form
         a2c
  l"x = De5ztEild2 xdydzdt (1-2.2)
When the diffusion coefficient is dependent on the concentra-
tion,
  Derx+dx) = Derx] + ia;i:sEdxDe x
Therefore, Eq.(l-2.1) takes the forrn
  F. = {D.glliEildC x + aa.De ia;:;d.C . + g.De glig(d.)2} dyd.dt
Since (dx)2 =o,
  Fc= lil.T(Dellitt) dx dydzdt (i-2.3)
     On the other hand, the flux Ft can be expressed as the
change of concentration in tirne dt in the small body. Then,
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Fig.1.6 Element illustrating the unsteady-state flow of
  F. = QltL dtdxdyda
       at
From Eqs.(1-2.2) and (1-2.4),
         a2c
  bC
  -= De
         ax2
  at
And from Eqs.(1-2.3) and (1-2.4),
  QLt = -e-(D.QLt)
       axat
     ex
     For rnoisture movement in wood, the
tirnes replaced by the moisture content
take the forms






   (1-2.4)
(1-2.5)
                 (l-2.6)
 concentration C is some-




Eqs.(1-2.5) and (1-2.7) correspond to Fick's second law of dif-
fusion.
     In 1855, when Adolf Fickii) found his law (i.e., that the
flux of the diffusion substance is proportional to the concent-
ration gradient) in an experiment of diffusion using a very
dilute salt solution, he expressed his law in a simple mathe-
matical form:
         ec
where Fick defined the diffusion coefficient De as "eine von
                            tlder Natur der Substanzen abhangige Constante". The following
assurnptions are necessary in order that Fick's law of diffusion
with a constant diffusion coefficient is validi2) :
  1) The motion of each particle is random and is unaffected
     by the presence of other particles.
  2) Each successive jump is independent of previous jumps.
  3) The mean jump length for a particle and the frequency of
     displacement do not vary with position or time.
  4) No hydrodynamic flow exists in the system.
  5) No forces exist that can give rise to a given direction
     of motion of the individual particles.
     The moisture movement in wood below the fiber saturation
point is governed by at least two different mechanisms: one is
bound-water diffusion in the cell-wall substance, and the other
is water-vapor diffusion in the ceil lumen. Though the dif-
fusion coefficient of the latter is much greater than that of
former, the total flow rate appears to be controlled by the
former mechanism.
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     Bound-water molecules are held on sorption sites with a
certain distribution of the bonding energy that is known to be
 a function of moisture content. Molecular movement musL depend
on the distribution of the bond energy. Thus, for bound-water
diffusionr which appears to be the rate-controlling process of
rnoisture movement in wood, it is difficult to accept at ieast
the first of the above-mensioned conditions of Fick's law. In
fact, many experimental results have shown that the diffusion
coefficient of moisture in wood is dependent on concentration.
Therefore, Fick's second law,i.e., Eq.(1-2.5) and Eq.(1-2.7),
are not applicable to moisture fiow in wood.
     On the other hand, Fick's first law,i.e., Eq.(1-2.9), is
applicable to the rnoisture flow even if De depends on concent-
ration. In this case, the equation merely defines the conven-
tionai diffusion coefficient De as the ratio of F to -dC/dx.
Eqs.(1-2.6) and (l-2.8) are vaiid when De is a function of con-
centrationt of mass density, and of the experimental temperature,
but shows no dependence on the concentration gradient, on time
and on position; they may be applicable to moisture flow in
WOOL]`.
  1-2.2. Some Modifications of Fick's Law
     Recently, Bramhalli3), discussing bound-water diffusion in
wood, tried to express his theory quantitatively. He stated
that ".... bound-water diffusion occurs when water molecules
bound to their sorption sites receive energy in excess of the
bonding energy and migrate to the new sites. The number of
molecules at any tirne with this excess energy is proportionai
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to the vapor pressure of water in wood at any given moisture
content and temperature. Rate of diffusion is proportional to
the concentration gradient of migrating molecuies and this, in
turn, is proportional to the vapor pressure gradient." Thus,
he derived the next equation in place of Eq.(1-2.7).
  au a2         P
where dP/dx is the vapor pressure gradient and Dp is his dif-
fusion coefficient dimensionally different from the conventional
one.
     Eq.(l-2.10) implies the constancy of Dp, while Dp calcu-
lated by hirn in his reporti3) varies with moisture content.
Therefore, Eq.(1-2.10) should take more general forin such as
  l}-/ = Åí.T(Dpgl/ÅÄ) (l-2.11)
     Bramhail's discussion points out the basic difference
between Fickian diffusion and bound-water diffusion in wood.
His concept is based on the movement of water rnolecules in the
gaseous state by successive evaporatio.n and condensation. In
this case, the height of energy barrier necessary for a bound
water rnolecule to desorb frorn a sorption site and to rnigrate
to another must equal the sum of the heat of wetting and the
heat of evaporation. Careful consideration should be given to
this rnechanism, and it will be discussed later in connection
with the relationship between the diffusion coefficient and the
activation energy for bound-water diffusion in wood.
     On the basis of thermodynamics of irreversible processes,
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the driving force for diffusion is expressed by gradient of
chemical potentiali4). The chemical potential ui of cornponent
i in a phase, as well as temperature and pressure, is a' thermo-
dynamic intensive state variable and is defined as
         au
  Ui i (Bni)S•V•ng'#i
where U is the energy of the phase, S the entropy, V the volume,
ni the molar quantity of component i, and ng•si represents that
g' other than i, if present in the phase, is constant. For any
component in the system, the value of the chemical potential
must be the same in every phase, when the systern is in therrno-
dynamic equilibrium,i.e., when the system is in phase equili-
brium at uniform temperature. The relation between flux and
driving force of moisture diffusion can be discussed without
consideration of the sorption and diffusion mechanisms when the
chemical potential of water in wood is considered.
     At a temperature T, the chemical potential u of the water
in wood, which has equilibrium vapor pressure P, is expressed
as i5)
  U= PH2o +RTIn(P/PH,o) (1--2.12)
where pH,o is the chemical potential of liquid water at ternpera-
ture Tt and its vapor pressure is given as PH2o, and R being
the gas constant. In order to unify the unit of rnass, the
specific chemical potential il of component i is introduced
instead of the chemical potential:
  v'"i r- vi/Mi
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where Mi is the mass per unit mole of component i.
     Using this potential, Eq.(1-2.l2) results in
  VN " PH,o + MRH,To ln(P/PH,o) (1-2.l3)
The spatial derivative of the specific chemical potential of
water in wood is
  dvN RT dlnP
When the specific chernical potentia! gradient is used in place
of the concentration gradient, Eq.(1-2.8) becomes
  g--/=l5il; (D ti girÅÄ) (l-2.Is)
where DJ is a diffusion coefficient thought to be a constant
which is independent of the chemical potential gradient and the
concentration gradient. Eq.(1-2.15) can be transformed by use
of Eq.(1-2.14). Then,
  -g\'---,a.(DJ,,liil, ag,n,p) (iny2.,,)
Since Dp:'DURT/MH2o is also a constant independent of the chemi--
cal potential gradient and the concentration gradient, Eq.
(1-2.16) can take the form
  g--/ = Åí.7(Duag,n,P) (1-2.17)
22
   1-2.3. Discussion of the Diffusion Equation
     Table 1.2 shows the fluxes and the driving forces of vari-
ous transport phenomena. rn this table, electric poten' tjal is
an intensive factor, constituting energy when rnultiplied by
electric charge, the extensive factor. Similarly, velocity
and rnomentum are intensive and extensive factors of energyr
respectively. For an irreversible process in the systern of
uniform temperature, its driving force is expressed by the spa-
tial derivative of the intensive factor, and its flux by the
time derivative of the extensive factor.
     For moisture movernent in wood, the driving force comparable
to those of other transport phenomena is the specific chemical
potential gradient. The flux is expressed as mass flow per
unit tirne and per unit area. And the product of mass and the
potential gives energy. As Eq.(1-2.13) shows, the chemical
potential fi is related to the equilibrium vapor pressure which
isan essential factor in the mechanism of water sorption by
wood.
     The diffusion coefficients defined by Eqs.(1-2.8), (1-2.ll),
and (1-2.17) are related with. each other:
  DU = PDp = '(-Et;I;i;[S7iillil -a.) (1-2'18)
On the theoretical stand point, there is no reason to prefer
one of these three coefficients rather than the other two.
The reason rnust be experimental one that a simple relationship
between diffusion coefficient and moisture content is observed.
     Since it is clear from the sorption isotherm for water in
23
Table 1.2 Comparisons of
other transport















































Velocity gradient Viscosity The ve1ocity isuniform
.
    kl It is assurned that other transport processes in the system
       are in the dynamic equilibrium.
wood that al)/au and alnP/Du vary with u, neither Dp nor Du is
proportional to De. The ratio of Dy to Dp equals P which varies
with u. Thus, if any of three coefficients is independent of
u, others rnust depend on it. Furthermore, it is very possible
that all the three depend on u.
     According to Eq.(1-2.18), the dependence of Dp on u is
distinguished from those of De and Dp in the neighborhood of
u=O; jn case that Dv takes a finite value, values of De and Dp
must become infinitive. On the other hand, in case that Dc and
Pp take finite values, Dp will vanish.
1-3. Diffusion Coeffieient
  1-3.1. Determination of the Diffusion Coefficient
     Most diffusion coefficients for water in wood obtained
heretofore are based on Fick's law of diffusion. The relation
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of the diffusion coefficient of water in wood to concentration
has been the subject of many studies, but the true nature of it
is still unknown. one of the reasons is that the theordtical
framework has been insufficient. Another reason is that each
method to determine the diffusion coefficient has its own lirni-
tations. These make it diffieult to compare the diffusion coef-
ficients with each other and to consider the nature of diffu-
slon.
     Several methods are avaiiable for calculating the diffusion
coefficient. The rnethod are roughly divided into two groups:
one type employs the steady-state, and the other the unsteady-
state. Fig.1.7 illustrates a steady-state method. When the
diffusion coefficient is independent of concentration, the
concentration gradient keeps constant at any position, shown
as a dot-and-dash line in the figure. Therefore, the diffusion
coefficient can be expressed as
         Co-ea
  De= F/(
           a
However, when Eq.(1-3.1) is used for a systern in which the dif-
fusion coefficient may be dependent upon coneentration, the
average diffusion coefficient is estimated over the concentra-
tion range measured.
     For the system in which the diffusion coefficient is depen-
dent on concentration, the diffusion coefficient is directly
derived from Eq.(1-2.9):
           dC '  De = F/('-iZ.7)
                                                       (l-3.2)
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    Fig.1.7 Measurement of the diffusion coefficient
            under steady-state water movement
where the concentration gradient at any position x in the
specimen can be determined by use of the moisture distribution
shown in Fig.I.7 i6).
     The steady-state method uses a rather simple diffusion
equation, but has the practical disadvantage that considerable
time is required to obtain a steady-state condition. On the
other hand, the unsteady-state method can be used during the
period before the steady-state condition is attained. Further-
more, the unsteady-state rnethod gives a direct relation of the
diffusion coefficient to the drying times of wood and to the
moisture gradients responsible for the drying stresses. Its
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main disadvantage is the rnathematical complexity of the appli-
cable equation. Therefore, Eqs.(1-2.7) or (1-2.8) is transformed
into various more practical forms on the basis of certain
simplifying assumptionsi7)-20), but initial- and boundary condi-
tions, and types of funetion expressing the dependence of the
diffusion coefficient on concentration are often iimited.
     For exarnple, Plager and Long2i) transformed Eq.(1-2.8) by
use of Boltzmann's variable and derived the following equation:
where Mt : Amount of moisture adsprbed or desorbed (g),
      Moo : Total amount adsorbed or desorbed at equilibrium (g),
      d : Thickness of the specimen (cm)t
      t : Time (sec),
      D : Diffusion coefficient (cm2/sec).
This solution is subject to the following conditions:
  l) The size of the specimen is semi-infinitive: the concent-
     ration at the center of the specimen does not change.
  2) The surface of the specimen immediately reaches the equi-
     librium concentration.
  3) The initial moisture content is uniforrnly distributed
     through the specimen thickness.
  4) The diffusion coefficient is independent of the concent-
     ration in the range rneasured.
[Vhe diffusion coefficient obtained in Eq.(1-3.3) is in practice
the average diffusion coefficient covering the range frorn ini-
tial to equilibrium moisture content when diffusion coefficient
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    Fig.l.8 Measurement of the diffusion coefficient
            under unsteady-state water rnovement
            a) Determination of the diffusion coefficient
            b) (xi,tJ') matrix
is dependent on concentration.
     Egner22) derived the variable diffusion coefficient from
Eq.(1-2.6) by means of integrating a!ong the spatial coordinate
x as
  D. .efl,ltiCd`r /({/ÅÄ) (i..3.4)
Egner's rnethod requires a knowledge of the moisture distribu-
tion in a specimen at given time-intervals during drying, as
Fig i.8 a) shows. The integral f?iCdx for xi at time tg' js the
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